Orientation tuning of receptive fields is well documented in the spatial domain, but considerable variability exists amongst published estimates of orientation sensitivity of motion receptive fields. We used a two-frame motion sequence, in which one frame was binary noise and the other was a horizontally displaced and filtered version of the same noise field, to examine the orientation sensitivity of human motion mechanisms. Initially, orientations orthogonal to the direction of motion were removed from each filtered frame. Observers indicated perceived direction of motion in a single interval, binary choice task. D max was determined for different amounts of removed orientations, and found to remain constant across the removal of energy up to approximately AE60 deg from vertical. In a second experiment, the orientations removed were now parallel to the direction of motion of the stimulus. D max fell as a cosine function with increasing removal of orientation information, in agreement with off-orientation looking or matched filtering predictions. The two experiments show the presence of mechanisms both broadly tuned and more narrowly tuned for orientation. A control experiment introduced an interstimulus interval between the two frames of our motion sequence. Performance on the direction discrimination task was severely degraded, indicating that the original results are not explicable in terms of a feature-tracking or long-range motion process. The presence of both broadly and narrowly tuned mechanisms implies multiple possible solutions to the processing of coherent plaid motion. Ó
Introduction
The barberpole illusion is an everyday example of the aperture problem. If a drifting luminance grating is observed through an aperture, then its direction of motion is ambiguous: it could be moving at a particular speed, s, orthogonal to its orientation, but it could also be moving more rapidly in any other direction over the range AEa deg from its orientation (where a < 90 deg); these putative faster motions would be s= cos h, where h is the difference between the direction of motion and the normal to the grating orientation.
The aperture problem disappears if a second grating is added to the first, and the two cohere (i.e. they form a coherent plaid): the resultant motion is unambiguous. There are two popular models for predicting the direction of the plaid, either intersection of constraints (Adelson & Movshon, 1982) or vector sum (Wilson, Ferrera, & Yo, 1992) , depending upon the geometric configuration of the plaid components and the duration of exposure. The range of orientations over which a motion mechanism is able to integrate input has implications for the processing of complex spatio-temporal patterns; specifically, the solution to the aperture problem for coherent plaid motion depends, in part, on how broadly the input to a given motion sensor may vary in orientation. Both models of plaid processing assume a front end input to any putative motion mechanism which is narrowly tuned for orientation, followed by some form of active analysis upon the plaid components; i.e. that the plaid components be processed separately via narrowband filters before later combination of these individual motion signals. The implication of wider orientation sensitivity estimates is that some plaid motions could, in principle, be explained in terms of passive integration of the components, rather than by an active combination rule; specifically, type I plaids--those where the two component motion vectors fall Vision Research 42 (2002) [613] [614] [615] [616] [617] [618] [619] [620] www.elsevier.com/locate/visres on either side of the intersection of constraints solution-would be susceptible to such an analysis. Published estimates of orientation sensitivity for moving input vary widely, as do the stimuli used to probe this property. van den Berg, van de Grind, and van Doorn (1990) used arrays of randomly oriented line segments which rotated through a fixed angle on each motion step; this stimulus gave an orientation bandwidth estimate of around AE30 deg. Snowden (1992) , using adaptation and threshold discrimination, produced figures for orientation bandwidth which range from approximately AE10 deg at 10 c/deg to around AE40 deg at 0.2 c/deg. Georgeson and Scott-Samuel (2000) , using drifting narrowband stimuli, showed that orientation sensitivity varied from around AE 60 deg at 3.0 c/deg to around AE80 deg at 0.1 c/deg; these figures are in close agreement with orientation sensitivity estimates from receptive field size measurements by Anderson and colleagues Anderson, Burr, & Morrone, 1991) . One possible reason for the variation in orientation sensitivity estimates in the literature might be that the various studies, with their diverse stimuli, have been probing different mechanisms. If this is so, perhaps both broadly and narrowly tuned mechanisms could be revealed with a single class of stimulus.
With this in mind, we show here that human observers have a very wide orientation sensitivity to moving broadband stimuli. In addition, using similar stimuli, the presence of narrowly tuned mechanisms is also demonstrated. Control experiments show that the introduction of an interstimulus interval (ISI) eliminates any motion percept. We interpret our results as showing that: (i) the orientation sensitivity of human motion receptors can be very wide, (ii) these broadly tuned sensors co-exist with narrowly tuned mechanisms, and (iii) these two findings cannot be explained by a featuretracking or long-range motion process.
Experiment 1: broadly tuned mechanisms
D max , the largest displacement of an image that still supports veridical motion perception, is a standard metric which is taken to indicate the spatial extent of the putative filters underlying the processing of moving visual stimuli (Braddick, 1974) . If different mechanisms are recruited for different stimulus orientations, one would expect some change in the value of d max as this variable is manipulated; conversely, a constant d max value would indicate that the same mechanism was processing the different orientations. D max has generally been measured using two frame random dot kinematograms or binary noise fields, which are displaced between each presented frame. We used the latter to establish a baseline value of d max for our stimulus configuration, and then filtered one of the frames of the two-frame motion sequence to address the question of orientation sensitivity.
The filtering involved either (i) the removal of an arc of energy from the spatial frequency spectrum, centred on the orientation orthogonal to the direction of motion of the stimulus, or (ii) the phase scrambling of an arc of energy, similarly defined. These stimuli are shown in Fig. 1a and b respectively. The amount of energy removed is given by h, the angle of the missing energy arc (see Fig. 1 ). Thus for both stimuli, the useful information (for a horizontal direction discrimination task) exists only at orientations distributed equally about the direction of motion of the stimulus. The first stimulus was designed to probe the Fourier domain extent of a putative receptor: if a mechanism has a wide orientation sensitivity, then it will be extended in the Fourier domain ( Fig. 2a) and will be able to process input where h is large; therefore d max should remain constant over a wide range of h values. The response of a broadly tuned mechanism should be disrupted by the addition of phase scrambled noise, as in the second stimulus (Fig. 2b) . A mechanism with narrow orientation sensitivity, on the other hand, will fail to respond to the filtered frame in either motion sequence ( Fig. 2c and d) .
However, note that mechanisms with a directional tuning h deg away from the direction of motion of the stimulus could process both types of stimulus ( Fig. 2e  and f) . This off-orientation looking has been used to model d max values above the half-cycle limit (Bischof & Di Lollo, 1991) . For narrowband stimuli, such as sinusoidal gratings, the theoretical limit to d max is slightly less than half the spatial period of the stimulus. A dis- Fig. 1 . Experiment 1: stimuli-Fourier domain representations of the two frames of the motion stimulus used in Experiment 1: u and v are horizontal and vertical spatial frequency respectively. From frame 1 to frame 2 the image was horizontally displaced. (a) Stimuli from condition 1: in the filtered frame, the energy is removed from an arc centred about the u axis. (b) Stimuli from condition 2: in the filtered frame, the energy is phase scrambled in an arc centred about the u axis. h is the amount of (a) removed or (b) scrambled energy in the filtered frame; it varied from trial to trial, and is shown here as 45 deg. Note that in the experimental images, there was no upper spatial frequency cut-off. placement of exactly half a period is ambiguous, and displacements greater than half period and less than a whole period will give a reversed motion signal. Experiments with two-frame bandpass filtered random dot kinematograms produced d max figures that were larger than this theoretical half-cycle limit (Bischof & Di Lollo, 1990; Cleary & Braddick, 1990a) . It was subsequently claimed that these excessive d max values could be explained by the recruitment of units which were tuned to directions other than that in which the stimulus moved (Bischof & Di Lollo, 1991) . Off-orientation looking predicts that d max should rise as the reciprocal of the cosine of the difference in orientation between the direction of motion of the stimulus and the preferred direction of the off-axis sensor.
In Experiment 1, we examined the effect of orientation filtering on the value of d max , in an attempt to reveal the orientation sensitivity of the mechanisms mediating motion perception.
Methods
Stimuli were generated on a Macintosh G3 running custom-written software, and displayed on a gammacorrected Sony 520GS monitor with a refresh rate of 75 Hz and a mean luminance of 47.5 cd/m 2 . The motion sequence was a two-frame binary noise field, in which one frame was unfiltered and the other was a horizontally displaced and filtered version of the same noise field. The contrast of the binary noise frames was 25% Michelson, and the filtered frames were not normalised. In the filtered frames, an arc of energy centred orthogonally to the direction of motion in u-v Fourier space was either removed (Fig. 1a) or phase scrambled from one frame to the other (Fig. 1b ). These were conditions 1 and 2, respectively. In the limit (i.e. h ¼ 90 deg), the filtered frame contained either no energy (it consisted of DC only in condition 1), or no correlation between frames (it contained only phasescrambled noise in condition 2); at the other end of the possible range of h (i.e. h ¼ 0 deg), the filtered frame was identical to the unfiltered frame, and simply moved laterally. In between these two extremes, the information contained in the filtered frame was at orientations which became nearer to parallel to the direction of motion with increasing h.
The duration of each of the frames of the motion sequence was 200 ms, and the order of filtered and unfiltered frames was randomised from trial to trial, as was the direction of the horizontal displacement. h was held constant for each block of trials. The image size was 400 Â 400 pixels (13:4 Â 13:4 cm 2 ), at a viewing distance of 115 cm, which resulted in a 6:67 Â 6:67 deg square field containing square noise elements 1 0 across. A central fixation spot was provided, viewing was binocular, and observers indicated perceived direction of motion (left or right) in a single interval, binary choice task. Data were collected from one of the authors and an experienced psychophysical observer, with 50 trials per observer per condition. D max was determined for different angular sizes (h ¼ 0 to 75 deg in 15 deg steps) of the arc of removed (condition 1) or phase-scrambled (condition 2) energy.
Results (i): d max invariance up to AE60 deg
Initially, all results were plotted separately according to the order of presentation of the filtered and unfiltered frames. However, no systematic effect of frame order was observed, and so the data were collapsed across this parameter. Probit analysis was then applied to the raw data, and thresholds derived for each condition used.
The thresholds given by the data from condition 1 (filled symbols) are shown in Fig. 3 for two observers: d max is plotted as a function of the size of the arc of removed energy ðhÞ. D max remained at a near constant Fig. 2 . Experiment 1: putative receptive fields-Condition 1 probes putative mechanisms broadly tuned for orientation; as h increases, the filtered stimulus remains within the receptive field represented by the black ovals (a): d max remains constant as h changes. In condition 2, the addition of phase-scrambled noise to the filtered stimuli of condition 1 (b) will disrupt the response of the putative mechanisms broadly tuned for orientation (black ovals). A mechanism with narrow orientation tuning (black circles) will not be activated by the filtered stimulus in condition 1 (c), and the same is true of condition 2 (d). Offorientation mechanisms could respond similarly to the stimuli used in both condition 1 and condition 2 (black circles, e and f).
value for each observer across all h values in condition 1. Note that for h ¼ 75 deg, performance was at chance for both observers, and no d max value could be derived from the raw data.
Results (ii): disrupting the broadly tuned mechanisms
The addition of phase-scrambled noise to the stimuli used in condition 1 (Fig. 3, open symbols) caused a decline in the magnitude of d max , especially for larger values of h.
Discussion: broadly tuned mechanisms exist
The constant value of d max observed in condition 1 indicates that the same mechanism was mediating the observers' performance across all h values tested; the motion sensor is broadly tuned for orientation, as it responds to stimuli in which h is as large as 60 deg (i.e. the visual system is responsive over a range of 120 deg). Thus the orientation tuning of motion receptive fields can be very wide, in accordance with the findings of Georgeson and Scott-Samuel (2000) , and inferred orientation bandwidths from receptive field sizes reported by Anderson and colleagues .
Can the data from condition 1 be explained in terms of off-orientation looking? D max remains constant across changes in h, whereas off-orientation looking would predict a 1/cosðhÞ increase in these values. Perhaps it could be assumed that, for all h values tested, d max was mediated by a pair of off-orientation mechanisms tuned to a direction greater than 60 deg away from the direction of motion of the stimulus; this would result in a constant value for d max as h varied between 0 and 60 deg. However, Bischof and Di Lollo (1991) demonstrated that d max was equal to the average horizontal frequency (for a horizontally displaced stimulus) of all the frequency components in the image; Cleary and Braddick (1990b) claimed that this was a reflection of masking of low spatial frequency components by higher frequencies. Whether due to averaging or masking, it seems that this eliminates the possibility that a lone pair of extreme offorientation mechanisms was responsible for the constant d max values found in condition 1; on either account, it would be expected that d max would increase with h.
Similarly, off-orientation looking cannot account for the results of condition 2. Again, a 1/cosðhÞ increase in d max values would be expected, and this was not the case: d max declined as h increased. This reduction in d max with increasing h could be attributed to the decreasing signalto-noise ratio in the broadly tuned mechanism as the amount of phase-scrambled input increases.
It is possible that performance might be mediated by a mechanism sensitive to the envelopes of the stimuli. To test this possibility, we reversed the polarity of our motion stimulus between frame 1 and frame 2. Under these experimental conditions, we observed reverse phi motion (Anstis & Rogers, 1975) , which would not be expected if the envelope were being tracked. Another possibility is that the results of Experiment 1 might be accounted for by an ideal observer analysis. We calculated cross correlations between the two frames of the motion sequence for h values from 0 to 60 deg, and then normalised them against each observer's dataset (Fig. 4) . Two things are clear: (i) the cross correlation is a reasonable fit for condition 2, but clearly fails to model condition 1; (ii) our observers have consistently lower d max values in condition 2 than in condition 1 at higher hs, whereas the cross correlations are similar in both conditions, except for h ¼ 60 deg where condition 2 is better correlated than the condition 1. It might be that d max is determined by a combination of mechanisms, e.g. by both a broadly tuned and an off-orientation mechanism, or perhaps via a bank of narrowly tuned on-and off-orientation mechanisms. If this were the case, an improvement in d max in one set of mechanisms could be offset by a deterioration in the other set. While we concede that this is a possibility, it seems somewhat simpler to posit the operation of just one mechanism, rather than the combined efforts of many.
An alternative explanation for the results of Experiment 1 is that the d max values reported here reflect not the properties of dedicated motion mechanism(s), but the operation of some higher-level process (i.e. a feature tracking or long-range motion process). To test for this possibility, we displayed the two-frame motion sequences used previously with an 80 ms mean luminance ISI added between each of the image frames. If it were the case that the motion processing was mediated by feature tracking, then the introduction of an ISI, which disrupts shortrange but not long-range motion processing (e.g. Braddick, 1974; Georgeson & Harris, 1990; Pantle & Picciano, 1976) , would have a minimal effect on performance. For all experimental conditions, the introduction of an ISI reduced performance on the direction discrimination task to chance levels. This demonstrates that the results of Experiment 1 cannot be explained in terms of a feature-tracking mechanism. Thus it appears that the data presented here indicate the existence of motion mechanisms broadly tuned for orientation.
Experiment 2: narrowly tuned mechanisms
In Experiment 2, we amended our stimulus to search for narrowly tuned mechanisms coexisting with those found in Experiment 1, which are broadly tuned for orientation. As before, one frame of the two-frame motion sequence was filtered. The filtering involved either (i) the removal of an arc of energy from the spatial frequency spectrum, centred on the orientation parallel to the direction of motion of the stimulus, or (ii) the phase scrambling of an arc of energy, similarly defined. These stimuli are shown in Fig. 5a and b respectively. The amount of energy removed is given by h, the angle of the missing energy arc. Thus for both stimuli, the useful information (for a horizontal direction discrimination task) exists only at orientations distributed equally about the normal to the direction of motion of the stimulus.
These stimuli could, in principle, be processed by the broadly tuned mechanisms revealed in Experiment 1. If this were the case, then one would expect a similar pattern of results to those shown above: a constant value of d max as h changes for the first stimulus (Fig. 6a) , and some degradation of this response for the second (Fig.  6b) . If, on the other hand, more narrowly tuned mechanisms were in operation, then three possibilities arise. Firstly, a mechanism tuned to the direction of motion of the stimulus (i.e. horizontal), and with narrow orientation sensitivity, could respond ( Fig. 6c and d) ; in this case, d max should remain constant for both stimuli, unless the phase-scrambled noise in the second stimulus intruded into the mechanism (i.e. at very large h values). Secondly, off-orientation looking by narrowly tuned mechanisms ( Fig. 6e and f) would produce similar responses to both types of stimulus: for such mechanisms, d max would decline as a function of cosðhÞ. This decline assumes that it is not just extreme off-orientation mechanisms which determine the d max value (as argued in Section 2.4 above). Thirdly, some form of matched filtering may occur ( Fig. 6g and h) ; in other words, the mechanism which indicates the direction of motion of the stimulus is matched to that stimulus. If this were the case, then the d max values would be the same for both stimuli and would decrease as a function of cosðhÞ, assuming that the aspect ratio of the motion sensors remained constant across different scales.
Methods
The stimuli and procedures were similar to those used in Experiment 1, except that the type of filtering used differed (see Fig. 5 ). The filtered frames in Experiment 2 had an arc of energy centred parallel to the direction of motion in u-v Fourier space either removed (Fig. 5a ) or phase scrambled from one frame to the other (Fig. 5b) . As before, these were conditions 1 and 2, respectively. In the limit (i.e. h ¼ 90 deg), the filtered frame contains either no energy (it consists of DC only in condition 1) or no correlation between frames (it contains only phase-scrambled noise in condition 2); at the other end of the possible range of h (i.e. h ¼ 0), the filtered frame is identical to the unfiltered frame, and simply moved laterally. In between these two extremes, the information contained in the filtered frame is at orientations which are more and more spread out about the normal to the direction of motion with increasing h. As previously, d max was determined for differing amounts (i.e. h values) of removed energy.
Results: noise has no effect
The results for two observers are shown in Fig. 7 . As in Experiment 1, no effect of frame presentation order was observed, and therefore the data were collapsed across this parameter. Two points are worth noting in Fig. 6 . Experiment 2: putative receptive fields-Mechanisms broadly tuned for orientation (black ovals) should respond to both condition 1 (a) and condition 2 (b), with a constant value of d max in the former, and progressively degraded response as h increases in the latter. Narrowly tuned mechanisms (black circles) will generally produce constant values of d max in both conditions (c and d). Off-orientation looking by narrowly tuned mechanisms (black circles) will give d max values which decline as a function of cosðhÞ for both conditions (e and f). Matched filters (black ovals) will also give d max values which decrease as a function of cosðhÞ, if the aspect ratio of any putative mechanisms remains constant across different scales (g and h). the data: the presence or absence of phase-scrambled noise has no effect on performance-the functions of conditions 1 and 2 lie on top of each other; both functions approximate d max declining as a function of cosðhÞ, as indicated by the solid line.
Discussion: narrowly tuned mechanisms exist
Because the data from conditions 1 and 2 are coincident, the stimuli used in Experiment 2 could not have been processed by mechanisms broadly tuned for orientation ( Fig. 6a and b) . Narrowly tuned sensors oriented orthogonally to the direction of motion ( Fig. 6c  and d ) are also eliminated, as the value of d max did not remain constant as h changed. The cosine decline of d max indicates that processing occurred either via off-orientation looking, or by matched filters. In both cases, the mechanisms underlying the processing would be narrowly tuned for orientation.
As in Experiment 1 control conditions were run using stimuli identical to those used in conditions 1 and 2, except that an 80 ms ISI was added in between the two frames of each motion sequence. As was the case in Experiment 1, this had the effect of reducing performance on this directional motion task to chance levels. Again, we interpret this as demonstrating that the results reported above cannot be explained in terms of a feature-tracking mechanism (which would not have been disrupted by the addition of an ISI). Therefore the data presented here indicate the coexistence of motion mechanisms narrowly tuned for orientation with the broadly tuned mechanisms revealed in Experiment 1.
General discussion
Using one set of stimuli, we have demonstrated the existence of both broad and narrow orientation tuning in human motion processing mechanisms. This confirms the suspicion, stated in Section 1, that the use of different stimuli in previous studies has resulted in the activation of different mechanisms, each with their particular orientation sensitivity. The results reported here indicate that the visual system is capable of taking a flexible approach to motion processing, in contrast to the rigid signal combination rule recently proposed by Schrater, Knill, and Simoncelli (2000) .
Motion receptive field size implied by orientation sensitivity
As has been previously noted (Georgeson & ScottSamuel, 2000) , a wide range of orientation sensitivity implies that the height of the underlying mechanism is short. The results presented here which point towards broad orientation tuning can therefore be taken as confirmation of published estimates of short receptive field heights Georgeson & Scott-Samuel, 2000) . Conversely, the narrower tuning indicates the coexistence of taller receptive field profiles. Again, different stimuli would be expected to reveal different receptors.
Motion integration in plaids
The mechanisms with broad orientation selectivity revealed by Experiment 1 suggest that the aperture problem for coherent type I plaid motion need not always require an active solution: such broadband mechanisms could passively integrate plaid components over a wide range of orientations, and hence yield veridical plaid motion. Active combination of narrowband input via the intersection of constraints (Adelson & Movshon, 1982) or vector summation (Wilson et al., 1992 ) rules might therefore not be necessary for some plaids. Clearly this argument does not apply to all possible plaid combinations, but that need not present a problem, as the narrowly tuned mechanisms uncovered in Experiment 2 could provide the narrowband input required for an active solution to the aperture problem.
It has been noted that type II plaids are seen as moving in the direction predicted by the intersection of constraints rule, except at short durations when viewed in the fovea, when they tend towards the vector sum prediction (Wilson et al., 1992) . This observation fits in well with a scheme where broadband and narrowband receptors coexist, as the former could quickly integrate motion signals, giving a vector sum resultant, whilst the latter would lead to a slower, active combination of plaid components. Thus the results reported here offer an alternative route to type I plaid processing while still allowing for the use of active combination rules, which require a narrow band front-end input.
